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-inorganic pyrophosphatase (HVP1 and HVP10), one clone encoding the catalytic subunit (68 kDa) of vacuolar H + -ATPase (HvVHA-A), and one clone encoding vacuolar Na + /H + antiporter (HvNHX1) were isolated from barley (Hordeum vulgare), a salt-tolerant crop. Salt stress increased the transcript levels of HVP1, HVP10, HvVHA-A, and HvNHX1, and osmotic stress also increased the transcript levels of HVP1 and HvNHX1 in barley roots. The transcription of HVP1 in response to salt stress was regulated differently from that of HVP10. In addition, the HVP1 expression changed in a pattern similar to that of HvNHX1 expression. These results indicate that the expression of HVP1 is co-ordinated with that of HvNHX1 in barley roots in response to salt and osmotic stresses.
Introduction
The Na + /H + antiporter (exchanger) catalyses the exchange of Na + for H + across membranes. Although the antiporters are found in animals, yeasts, bacteria, and plants, antiporter activity in the vacuolar membranes has only been reported in yeast, algae, and plants (Blumwald et al., 2000) . In plants, the Na + /H + antiporter in vacuolar membranes transports Na + from the cytoplasm to vacuoles using the electrochemical H + gradient generated by two H + -pumps, vacuolar H + -inorganic pyrophosphatase (V-PPase, EC 3.6.1.1) and vacuolar H + -ATPase (VATPase, EC 3.6.1.3). The plant cells treated with high salinity must maintain a higher K + /Na + ratio in the cytoplasm and control the osmotic balance of the cell with the environment by accumulating Na + in the vacuoles. In this process, the vacuolar Na + /H + antiporter is thought to play an important role(s). A vacuolar Na + /H + antiporter gene (AtNHX1) has been cloned from Arabidopsis thaliana as the ®rst plant homologue to a vacuolar Na + /H + exchanger gene (ScNHX1) in Saccharomyces cerevisiae (Gaxiola et al., 1999) . Several Na + /H + antiporter genes have now been reported in Oryza sativa (Fukuda et al., 1999) , Mesembryanthemum crystallinum (Chauhan et al., 2000) , Ipomoea nil (Fukuda-Tanaka et al., 2000) , and Atriplex gmelini (Hamada et al., 2001) . The increased expression of the antiporter genes by salt stress has been reported in the glycophytes, A. thaliana and O. sativa, and in the halophytes, M. crystallinum and A. gmelini. Antiporter activity is also activated by salt stress in salt-tolerant plants, such as barley (Hordeum vulgare) (Garbarino and DuPont, 1988, 1989; Fukuda et al., 1998) and Beta vulgaris (Blumwald et al., 1985) . These results indicate that the vacuolar Na + /H + antiporters play important roles in the salt-tolerance of a wide variety of plants. In fact, overexpression of AtNHX1 increased salt-tolerance in A. thaliana, Lycopersicon esculentum, and Brassica napus (Apse et al., 1999; Zhang and Blumwald, 2001; Zhang et al., 2001) .
The electrochemical H + gradient across vacuolar membranes generated by V-PPase and V-ATPase is the driving force for the accumulation of ions and other solutes into the vacuoles (Sze et al., 1992) , indicating that the two H + pumps have essential roles in the response to environmental changes such as salt stress. Although V-ATPase is a widespread membrane protein that is found in all eukaryotes, V-PPase has only been found in plants and a few algae, protozoa, bacteria, and archaebacteria (Maeshima, 2000) . In addition, V-PPase is a unique proton pump that consists of a single polypeptide and exists as a dimer of subunits of 71±80 kDa (Maeshima, 2000) . Several cDNA clones of the V-PPase have been isolated from various plants (Maeshima, 2000) . Two V-PPase clones from barley have previously been isolated and one (HVP10) has been described (Tanaka et al., 1993) . V-ATPase of plants is a multimeric protein of about 400±650 kDa consisting of up to ten subunits which involve a putative catalytic <70 kDa subunit (subunit A) (Sze et al., 1992) . Clones of the subunit A of V-ATPase have been isolated from Daucus carota (Zimniak et al., 1988) , Gossypium hirsutum (Wilkins, 1993), B. napus (Orr et al., 1995) , and B. vulgaris (Lehr et al., 1999) .
Salt stress has been reported to increase the activities of the H + -pumps. Salt treatment elevated the activity (Sanchez-Aguayo et al., 1991; Fukuda et al., 1998) and the transcript levels of subunits A and c of V-ATPase (Narasimhan et al., 1991; Perera et al., 1995; Binzel and Dunlap, 1995; Kirsch et al., 1996; Tsiantis et al., 1996; Lehr et al., 1999) . Salt treatment also elevated V-PPase activity in D. carota (Colombo and Cerana, 1993) and Acer pseudoplatanus (Zingarelli et al., 1994) . However, the effect of salt treatment on the transcript levels of V-PPase is unknown. In addition, there have been no reports on the simultaneous analysis of the effects of salt stress on the transcript levels of the two H + -pumps and Na + /H + antiporter. In this paper, the effects are reported of salt and osmotic stresses on the expression of V-PPase genes, the subunit A (68 kDa) gene of V-ATPase, and a Na + /H + antiporter gene from barley.
Materials and methods

Plant materials
Barley (Hordeum vulgare cv. Kashima) seeds were imbibed overnight and placed on a cotton mesh suspended over an aerated nutrient solution (Tanaka et al., 1993) . The composition of the solution was as follows: 1 mM NH 4 H 2 PO 4 , 2 mM KNO 3 , 1 mM MgSO 4 , 25 mM Fe-EDTA, 1 mM CaCl 2 , and micronutrients. The imbibed seeds were grown for 6 d over the half-diluted solution and then grown over the undiluted solution in a growth chamber with a light/dark cycle of 13/11 h at 27/22°C under a relative humidity of 74% with a photon¯ux density of 100 mmol m ±2 s ±1 . The plants which were grown for 7 d after sowing were stressed as indicated.
Yeast strains and media
The two strains, K601 (wild type) and R100 (Dnhx1::URA3) (kindly provided by Dr R Rao, Johns Hopkins University, USA), used in this study are isogenic to W303 (ade2-1 can1-100 his3-11, 15 leu2-3, 112 trp1-1 ura3-1) and have been described previously (Nass et al., 1997) . Cells were grown in YPD [1% (w/v) yeast extract/2% (w/v) peptone/2% (w/v) glucose), SD (0.67% (w/v) Yeast Nitrogen Base (Difco Laboratory, Detroit, MI) with 2% (w/v) glucose], or APG medium containing 10 mM arginine, 8 mM phosphoric acid, 2 mM MgSO 4 , 1 mM KCl, 0.2 mM CaCl 2 , 2% (w/v) glucose, and trace vitamins and minerals, at pH 6.5 with arginine (Nass et al., 1997). Where indicated, NaCl or hygromycin-B was added, or the pH was adjusted to 4.0 with acetic acid.
Isolation of HVP1, HVP10, and HvVHA-A Two cDNA clones encoding V-PPase and one clone encoding the subunit A (68 kDa) of V-ATPase were isolated from a cDNA library which was constructed from poly(A + ) RNA prepared from barley roots, and the cDNA clones of the H + -pumps were detected by immunoscreening using antibodies raised against V-PPase and the subunit A of V-ATPase from Vigna radiata, as previously reported (Tanaka et al., 1993) .
Isolation of HvNHX1
First-strand cDNA was synthesized by reverse transcription (AMV Reverse Transcriptase, Amersham Pharmacia Bitotech, Cleveland, OH) of poly(A + ) RNA prepared from barley roots and subsequently ampli®ed with two degenerated oligonucleotides based on the sequence of AtNHX1 and OsNHX1. The sequences of the primers were: 5¢-primer d(GAGGTTGCCCTTATGATGCT) and 3¢-primer d(GTGCTAAAAAGANNGACAGT). The PCR product (536 bp) was subcloned into pBluescript II KS+ (Stratagene, San Diego, CA) and sequenced. The partial clone had homology to AtNHX1 and OsNHX1. Based on the sequence of the clone, and 5¢-and 3¢-rapid ampli®cation of cDNA ends (RACE), cDNA was synthesized with 5¢-RACE Systems (Life Technologies, Rockville, MD) and a Marathon cDNA Ampi®cation Kit (Clontech Laboratories, Palo Alto, CA). The cDNA clones obtained were sequenced, and had the sequence identical to the partial clone. The cDNA including the full length of the gene was synthesized by PCR using 5¢ and 3¢ endprimers based on the 5¢-and 3¢-RACE cDNAs. The full cDNA clone obtained was subcloned and sequenced.
Expression of HvNHX1 in yeast
The open reading frame (ORF) of HvNHX1 was obtained from the cDNA including the full length of the gene by PCR using the 5¢-primer d(CGGAATTCATGGCGTTCGAAGTGGTGGC) and 3¢-primer d(ACGCGTCGACAGCTGTAATGGCTTTTCTCT) which included EcoRI and SalI restriction sites, respectively on the 5¢ ends. The resulting fragment was subcloned into pBluescript II KS+ and sequenced to verify the reliability of the PCR product. The HvNHX1 ORF was inserted into the EcoRI/SalI site of pKT10+HIS3, which was derived from the yeast±E. coli shuttle vector pKT10 (Tanaka et al., 1990) by inserting HIS3 downstream of the GAP promoter, producing the plasmid pHvNHX1. K601 and R100 were transformed using the lithium acetate method (Gietz and Schiestl, 1995) .
Tonoplast preparation and measurement of proton-translocating activity by V-PPase Tonoplast vesicles were isolated from barley roots stressed as indicated using the method described previously (Fukuda et al., 1998) . Proton-translocating activity by V-PPase in tonoplast vesicles was measured using the modi®ed method of Maeshima and Yoshida (1989) . The pH gradient generated by V-PPase was formed in 25 mM MOPS-KOH, pH 7.3, containing 50 mM KCl, 1 mM MgCl 2 , 1 mM EGTA, 3 mM acridine orange, and 0.25 M sorbitol. Tonoplast vesicles were added to 400 ml of the assay buffer, and the reaction was started by adding 1 mM K-PPi. Changes in¯uorescence were monitored with an Hitachi MPF-2A¯uorescence spectrometer set at 492 nm for excitation and 540 nm for emission. Activity was expressed as % quench (Q).
Southern and northern blot analyses
Southern and northern blot analyses were performed using standard procedures (Sambrook et al., 1989) . After gel electrophoresis, and blotting of total RNA and digested genomic DNA onto a nylon membrane (Biodyne A; Pall Corporation, Port Washington, NY), hybridization was performed with 32 P-labelled cDNA fragments of the 3¢-untranslated region (UTR) prepared using a random primer labelling kit (Random Primers System; Takara, Tokyo, Japan) at high stringency. The membrane was exposed to an imaging plate, and the radioimage of the plate was analysed (BAS2000, Fuji, Tokyo). The northern experiments were performed at least twice. Equal loading of RNA blots was assessed by scanning the signals of ribosomal RNA detected with SYBR Green II RNA gel stain (FMC Bioproducts, Rockland, ME).
Results
Cloning of the genes for V-PPase and the subunit A of V-ATPase from barley Two different cDNAs for V-PPase (HVP1 and HVP10) and one cDNA for the subunit A (68 kDa) of V-ATPase (HvVHA-A) were isolated from barley cDNA libraries as described in the Materials and methods. The nucleotide and deduced amino acid sequences of HVP10 (accession number D13472, Tanaka et al., 1993) have previously been reported (a part of the nucleotide sequence was misread and has recently been revised). The nucleotide sequences of HVP1 and HVP10 have 79.8% identity in their ORF, but 53.3% and 47.7% identities in their 5¢ and 3¢ UTRs, respectively. The deduced amino acid sequences of HVP1 and HVP10 contain 771 and 762 amino acid residues, respectively, and have 86.2% identity (Fig. 1) . The sequence of the HVP1 protein is similar to the sequences of V-PPases in other plants, such as A. thaliana (AVP1), B. vulgaris, V. radiata, Nicotiana tabacum, O. sativa, and Cucurbita moschata with 83±91% identities (Sara®an et al., 1992; Kim et al., 1994; Hung et al., 1995; Lerchl et al., 1995; Sakakibara et al., 1996; Maruyama et al., 1998) .
The sequence of HvVHA-A is 2281 bp with a 5¢-UTR of 55 bp, an ORF of 1866 bp, a 3¢-UTR of 340 bp, and a poly A tail of 20 bp. The amino acid sequence deduced from the ORF contains 621 amino acid residues with a calculated molecular weight of 68 452, and has about 90% identity with those from D. carota (accession number AAA33139, Zimniak et al., 1988) , G. hirsutum (AAA33050, Wilkins, 1993), B. napus (AAA82881, Orr et al., 1995) , and B. vulgaris (CAA67305, Lehr et al., 1999) . In addition, the calculated molecular weight is similar to that (68 kDa) of a puri®ed subunit A protein of barley V-ATPase (DuPont and Morrissey, 1992 (Fig. 2) . The region was identi®ed as the binding site of amiloride that inhibits the eukaryotic Na + / H + antiporter (Counillon et al., 1993) .
Yeast complementation of HvNHX1
The ability of HvNHX1 to suppress the Na + , Li + , and hygromycin sensitivity of yeast nhx1 mutants was tested. Overexpression of HvNHX1 increased the tolerance to Na + and Li + of nhx1 mutants to an extent similar to the wild type under conditions in which the K + concentration was reduced (APG medium containing 1 mM K + ), and also increased the tolerance to hygromycin of nhx1 mutants (Fig. 3) . These results indicate that the HvNHX1 gene encodes a vacuolar Na + /H + antiporter that has a function similar to ScNHX1 protein.
Southern blot analysis
Southern blot analyses of genomic DNA digested with some restriction enzymes were performed in order to determine the number of genes for HVP1, HVP10, HvVHA-A, and HvNHX1 in barley, using the speci®c probes for the each gene. A single band was detected in the analysis with the restriction enzymes, indicating that the barley genome possesses a single copy for each gene of HVP1, HVP10, HvVHA-A, and HvNHX1 (Fig. 4) . Effect of salt stress on V-PPase activity in barley It has been reported that the Na + /H + antiport activity and proton-translocating activity by V-ATPase in tonoplast vesicles from barley roots were increased by salt stress (Fukuda et al., 1998) . Proton-translocating activity by V-PPase in tonoplast vesicles from barley roots was also increased within 1 h by the addition of 100 mM NaCl to the roots and the activity was higher than that of the control after 1 d of treatment (Fig. 5) .
Expression of HVP1, HVP10, HvVHA-A, and HvNHX1 in barley Total RNAs extracted from roots and shoots of barley were subjected to a northern blot analysis. The transcripts of HVP10 were more abundant in roots than in shoots, while that of HVP1 was more abundant in shoots than in roots (Fig. 6) .
To examine the effect of salt and osmotic stresses on the expression of the H + -pump and Na + /H + antiporter genes, total RNAs from roots and shoots of 7-d-old barley, after 5 h and 24 h of treatment in a nutrient solution including 200 mM NaCl or 400 mM mannitol, were subjected to a northern blot analysis. Both of the stresses stimulated the transcript levels of the H + -pump and Na + /H + antiporter genes in roots (Fig. 6) . On the other hand, the transcript levels did not change in shoots. As estimated by density scanning, the level of HVP1 transcripts increased 4-fold and 2-fold relative to the controls after 5 h and 24 h, respectively, of treatment with NaCl in roots, and was also stimulated 2-fold relative to the control after 5 h of treatment with mannitol. The increase in the level of HVP1 transcripts due to the salt stress was more than that due to the osmotic stress. The level of HvNHX1 transcripts also increased 5-fold and 2-fold relative to the control after 5 h and 24 h, respectively, of treatment with NaCl in roots, and was stimulated 4-fold relative to the control after 5 h of treatment with mannitol (Fig. 6) . In roots, the change of HvNHX1 expression has a pattern similar to that of HVP1 expression. By contrast, the transcript levels of HVP10 and HvVHA-A only increased due to the ionic stress in roots, and the increase was less pronounced than in the case of HVP1 (Fig. 6) . The level of HVP10 transcripts increased 1.5-fold relative to the control after 24 h of treatment with NaCl. That of HvVHA-A transcripts increased 1.7-fold relative to the control after 5 h of the treatment with NaCl, and showed a negligible increase after 24 h. In addition, the transcript levels of HVP10 and HvVHA-A in roots decreased after 24 h of the treatment with the osmotic stress.
Discussion
Two isoforms (HVP1 and HVP10) encoding V-PPase from barley were cloned. The deduced amino acid sequences of HVP1 and HVP10 have a sequence of DVGADLVGKVE which has been found in plants, Chara, Acetabularia, and Rhodospirillum as a conserved segment and a putative catalytic site of V-PPase (Maeshima, 2000) (Fig. 1) . HVP1 also has Cys-635 for N-ethylmaleimide-binding residue, Glu-306, Asp-505, and Glu-752 for N,N¢-dicyclohexylcarbodiimide-binding residues, Glu-428 for a putative H + -carrying residue as indicated in Arabidopsis, and these residues were also found in HVP10. In addition, HVP1 and HVP10 have a sequence of EYYTS which is a motif, The two isoforms of the barley V-PPase gene showed expression that was differently regulated in the tissues (Fig. 6) . Results similar to this study have been reported in B. vulgaris and N. tabacum (Kim et al., 1994; Lerchl et al., 1995) . These studies showed that the transcripts of V-PPase genes were differentially expressed in leaves and roots of B. vulgaris, or in midribs, stems, and roots of N. tabacum. In these three plants, the nucleotide sequence of the different clones is highly homologous in the ORF, but differs strongly in the UTRs. Maeshima (2000) suggested that the difference in the UTRs caused the different and individual regulation of the V-PPase genes. Fig. 1 . Alignment of the amino acid sequences of predicted V-PPase proteins from barley (HVP1 and HVP10), Oryza sativa (OVP1 and OVP2) (Sakakibara et al., 1996) , and Arabidopsis thaliana (AVP1 and AVP2) (Drozdowicz and Rea, 2001 ). Sequences were aligned using Clustal X (Thompson et al., 1994) . Identical residues are shaded in black and similar residues in grey. The conserved sequences of plants, Chara, Acetabularia, and Rhodospirillum are surrounded with a box and indicated by asterisks. Fig. 2 . A partial alignment of the amino acid sequences of predicted Na + /H + antiporter proteins. Sequences were aligned using Clustal X. Identical residues are shaded in black and similar residues in grey. The expressions of HVP1 and HVP10 may be regulated by the systems similar to the cases in B. vulgaris and N. tabacum. Salt stress increased the activity of V-PPase in barley roots (Fig. 5) . The increased activity of V-PPase by salt stress has also been reported from D. carota (Colombo and Cerana, 1993) and A. pseudoplatanus (Zingarelli et al., 1994) . Figure 6 shows that salt stress also increased the transcript levels of HVP1 and HVP10, supporting the results of the activity of V-PPase. Although salt stress increased the transcript level of HvVHA-A like HVP1 and HVP10, the stress slightly affected that of HvVHA-A, compared with the case of HVP1 (Fig. 6) . Anoxia or chilling reportedly increased the transcription, the amount, and the activity of V-PPase in seedlings of O. sativa and anoxia only slightly affected the activity of V-ATPase (Carystinos et al., 1995) . In the report, the authors suggested that V-PPase complemented the activity of Fig. 3 . Expression of HvNHX1 in nhx1 yeast mutants. (A) Vector pKT10+HIS was introduced into wild-type (K601) and nhx1 strains (R100). Plasmid pHvNHX1; GAP:HvNHX1 was introduced into nhx1 mutant (HvNHX1). The strains were grown overnight in selective APG medium (pH 6.5). Aliquots (5 ml) of a saturated seed culture and 5-fold serial dilutions of the indicated strains were spotted onto YPD plates supplemented with or without 0.02 mg ml ±1 hygromycin. The strains were grown at 28°C for 3 d. (B) Serial dilutions of the same strains were grown on APG plates (pH 4.0) supplemented with or without 400 mM NaCl for 8 d. (C) The same strains (5 ml of a saturated seed culture) were grown at 28°C in 2 ml of APG medium (pH 4.0) with (C-2) or without (C-1) 15 mM LiCl. Growth of the strains was detected by measuring absorbance at 600 nm at the indicated time. Values are the mean TSD of three independent experiments. Symbols and relevant genotypes are as follows: closed square, K601; open square, R100; closed circle, HvNHX1.
V-ATPase. From these results it is conjectured that V-PPase complements the activity of V-ATPase to sustain the total vacuolar H + -pumping activity increased by salt stress. Salt stress increased the transcript level of HVP1 in roots for a short time (5 h), and subsequently increased that of HVP10 after treatment for 24 h (Fig. 6 ). In addition, the osmotic stress (mannitol) increased the transcript level of HVP1, although the stress did not increase that of HVP10. These results indicate that the two isoforms of V-PPase are expressed differently in response to ionic and osmotic stresses. Although the characteristics of the enzymes encoded by the HVP1 and HVP10 genes are unknown, each of the two isoforms might play a unique role in the tolerance to ionic and osmotic stresses. Further investigations will be needed to determine whether the characteristics of the isozymes of V-PPase are different.
HvNHX1 shares high similarity with plant, yeast, and mammalian Na + /H + antiporters within predicted transmembrane segments (data not shown) and a putative amiloride-binding domain (Fig. 2) . In addition, HvNHX1 had the ability to suppress the Na + , Li + , and hygromycin sensitivity of yeast nhx1 mutants (Fig. 3) . From these results it is conjectured that the HvNHX1 product is localized in vacuolar and/or prevacuolar membranes of the yeast and functions as a Na + /H + antiporter. However, the nhx1 mutants overexpressing HvNHX1 had lower tolerance to Na + and hygromycin than the wild type, as reported for AtNHX1 and AgNHX1 (Gaxiola et al., 1999; Quintero et al., 2000; Hamada et al., 2001) . Darley et al. (2000) suggested that the N-terminal sequence of ScNHX1 played a role in targeting the ScNHX1 protein to its correct location or in modifying the protein for functional regulation. In their report, the nhx1 mutants overexpressing AtNHX1 ORF fused with the N-terminal sequence had higher tolerance to hygromycin than the mutants overexpressing only the AtNHX1 ORF. Judging from their ®nding, the lack of the N-terminal sequence in the construction of the yeast expression vectors used in this study might explain why the nhx1 mutants overexpressing HvNHX1 showed lower tolerance to Na + and hygromycin than the wild type.
Although the transcript level of HvNHX1 in roots increased greatly after salt stress for 5 h and 24 h, the transcript level in shoots showed a negligible increase in response to the stress (Fig. 6) . By contrast, the transcript level of a Na + /H + antiporter gene in O. sativa, OsNHX1, increased after 24 h of treatment with 100 mM NaCl both in roots and shoots (Fukuda et al., 1999) . Similar results were obtained in O. sativa treated with 200 mM NaCl (data not shown). These results indicate that the HvNHX1 expression in roots and shoots treated with salt stress changed differently from that of OsNHX1. Garbarino and DuPont (1988) suggested that Na + was stored in the vacuoles of barley roots, and the¯ow of Na + to the shoot was decreased. In addition, the Na + transport rate from root to shoot was higher in O. sativa than in salt-tolerant reed (Matsushita and Matoh, 1991) . According to these results, the greater increase of HvNHX1 expression in roots treated with salt than in shoots might be due to the high limitation of Na + transport from root to shoot by accumulating Na + in the root vacuoles, and play an important role in the high salt-tolerance of barley.
The treatment with osmotic stress increased the level of HvNHX1 transcripts (Fig. 6) . It has been reported that AtNHX1 protein was able to mediate K + /H + exchange (Venema et al., 2002) . The HvNHX1 protein may transport K + or other ions from the cytoplasm to vacuoles as an osmoticum.
V-PPase and V-ATPase are important for salt tolerance and osmotic adjustment in plants because the protongradient that they produce are the driving force for a Na + / H + antiporter and other transporters on the vacuolar membranes. Recently, it has been reported that the overexpression of a V-PPase gene, AVP1, increased the salt-and drought-tolerance of A. thaliana accumulating several ions (Gaxiola et al., 2001) . In this study, salt and osmotic stresses increased the level of HVP1 transcripts in barley roots in a pattern similar to that of HvNHX1 (Fig. 6 ). This result indicates that the expression of HVP1 is coordinated with that of HvNHX1 in barley roots treated with ionic and osmotic stresses. The experiment with 31 P-NMR showed that the vacuolar pH in barley roots increased in response to 100 mM NaCl treatment (Fan et al., 1989; Fukuda et al., 1998) . In addition, Fan et al. (1989) showed that Na + in¯ux into the root cells was accompanied by the vacuolar alkalinization. From these results it has been suggested that a vacuolar Na + /H + antiporter, but not cationic channels on the vacuolar membranes, mainly functions to accumulate Na + into the vacuoles, and the stimulated activity of the Na + /H + antiporter causes the increase of the vacuolar pH which stimulates the activity of the vacuolar H + -pumps. According to the suggestion, the expression of the H + -pump genes may be regulated in response to the vacuolar pH. The transcript level of HVP10 and HvVHA-A increased in barley roots treated with salt stress only, in addition to the increased expression of HVP1 (Fig. 6) . The transcript level of HvNHX1 in the salt stress was higher than in the osmotic stress with osmotic potential equal to the salt stress. From these results it is conjectured that the total increased activity of the vacuolar H + -pumps may acidify the vacuolar pH which is increased by the stimulated activity of the HvNHX1 protein in response to salt stress.
The overexpression of a single gene, AtNHX1, has been reported to improve the salt-tolerance of several plants (Apse et al., 1999; Zhang and Blumwald, 2001; Zhang et al., 2001) . However, the expression and activity of VPPase and V-ATPase in the transgenic plants was not reported. Although the activity of the vacuolar H + -pumps may be suf®cient to support the increased activity of a vacuolar Na + /H + antiporter in the transgenic plants, the overexpression of the H + -pumps, in addition to the antiporter, may increase the salt-tolerance of plants more than in the case of the overexpression of the antiporter only. The present results support this possibility. 
